Abstract: Ultrasonic Additive Manufacturing (UAM) is an advanced manufacturing
INTRODUCTION
Ultrasonic Additive Manufacturing (UAM) is an advanced manufacturing technique, which utilizes ultrasonic oscillation and normal force, applied through a cylindrical textured rolling sonotrode, to weld aluminium foils layer-by-layer. Periodical Computer Numerical Controlled (CNC) machining is used to create the desired 3D components directly from Computer Aided Design (CAD) data. The bonding process is controlled via three main process parameters: The normal force (N) applied to the sonotrode, the sonotrode's oscillation amplitude (μm) at a given and constant frequency of 20 kHz, and the linear speed (mm/s) of the sonotrode.
The main advantage of UAM compared to other metal additive manufacturing technologies is that the bonding occurs in the solid state at relatively low temperatures. A high degree of material plastic flow is encountered during the welding process, as well as various surface and volume effects, such as stick-slip phenomena at the welding interface and acoustic softening on the volume of the material [1] . The temperature developed during UAM has been experimentally measured by placing a thermocouple between two layers of foil for relatively low levels of oscillation amplitude [2] , and with an infrared camera for higher levels of amplitude [3] . Both studies reported temperatures considerably lower than the melting point of aluminium: under 100°C on the first case and less than 250°C on the later. This suggests that UAM could potentially be used for the embedding of thermally sensitive components, such as electronic components and printed interconnection, inside metal additively manufactured parts.
Researchers have worked towards this goal and the successful encasing of a pre-packed thermal sensor [4] , as well as directly written interconnections and antennae [5] inside CNC machined pockets of the UAM manufactured parts have been reported. In a similar area, research has been carried out to investigate the direct embedding of electronic insulating materials, deposited via screen printing, between two foil layers [6] .
Although the potential of embedding freeform fabricated electrical circuitries and components within dense metal parts through the UAM process presents many new interesting opportunities, with applications in technological sectors ranging from aerospace to electronic packaging, the effect of the ultrasonic excitation, caused by the ultrasonic oscillations, has not been studied in depth yet. For this purpose, samples were prepared by consecutively depositing an insulating layer and silver conductive tracks, using screen printing, on UAM fabricated substrates, and then were exposed to different levels of ultrasonic excitation, using the UAM technology, as illustrated in Fig. 1 . 
MATERIALS AND METHODOLOGY
In order to investigate in detail the effect of as many parameters as possible in the resistivity, the dimensions and the microstructure of a thermally cured screen printed silver conductive ink, a two level full factorial experiment was designed. The levels of the UAM process parameters used (i.e. the amplitude of oscillation, the normal force and the linear speed of the sonotrode) are detailed in table 1, and they were determined via preliminary experimentation. The low levels of amplitude and force were the lowest values, at which the UAM machine would opperate. Two different insulating materials were chosen: the XV501-T solder resist of SunChemicals and the LuxPrint TM 8153 dielectric ink of DuPont. These materials were picked for their wide use in the industry. Finally, in order to protect the conductive tracks from the roughness of the sonotrode, a 50 μm Al 3003 H18 protective intermediate layer was placed over the conductive tracks as illustrated in Fig. 1 For the preparation of the samples the following procedure was followed: Two 100 μm thick Al 3003 H18 foils were welded using the previously experimentally determined optimum UAM process parameters (i.e. amplitude: 20 μm, force: 1400 N, speed: 40 mm/s) on a 1.25 mm thick Al 1050 base plate, with the Solidica Alpha 2 UAM machine. Next, a layer of the insulating material was deposited on the aluminium surface, using a DEK 265 Horizon semiautomatic screen printer, and thermally cured in a convection oven according to the manufacture's recommendations (i.e. at 150 °C for 60 min for the XV501-T and at 130 °C for 10 min for the 8153). The process was repeated two times for the XV501-T and three times for the 8153, to achieve the desired layer thickness of approx. 30 μm. Finally, three 50 mm long by 1 mm wide silver paste tracks were screen printed on the insulating layer and thermally cured at 130 °C for 15 min to create the samples illustrated in Fig. 1 . Those three tracks were later exposed simultaneously to the ultrasonic oscillation. Before the ultrasonic excitation, preliminary measurements according to ASTM F1896-10 [7] were carried out for the calculation of the resistivity of the conductive tracks. The resistance measurements were acquired using a bespoke Kelvin (4-point) probe setup and a Keithley 2425 benchtop multimeter (Fig. 2) and repeated 3 times for each track. The dimensions (i.e. width and height) of the conductive tracks were measured by acquiring the profiles of four vertical sections with a TalySurf CLI 200 optical measurement system. The resulting measurements were averaged for each parameter and each treatment condition to calculate the average resistivity. After the ultrasonic excitation, the measurements described above were repeated to allow the calculation of the difference in the resistivity and dimensions, as in:
where ρ (nΩm) is the resistivity, R (mΩ), W (mm) and H (μm) the measured resistance, width and height respectively and L the distance between the measuring probes, which was kept constant during the measurements at 44.12 mm.
A number of samples were cross-sectioned, mounted and polished. A Leica DM6000M optical microscope was used to measure the thickness of the insulating layer and to gain a greater insight into the process. In addition, a selection of samples was cross sectioned using a Focused Ion Beam and examined using Scanning Electron Microscopy (dual beam FIB/SEM). Their microstructure was compared to an unexcited control sample.
During this stage it was evident that issues with short circuiting between the conductive tracks and aluminium substrate were present, especially in the case of the 8153. Samples with resistance less than 0.5 MΩ between the tracks and the substrate were discarded and new samples were prepared and treated. Some of the treatments were duplicated to examine the repeatability of the process. In total, 37 samples (n = 19 samples on the XV501-T and n = 18 samples on 8153) were included in the analysis.
EXPERIMENTAL RESULTS
An analysis of variance (ANOVA) was carried out for the interpretation of the experimental data. The outcomes of this analysis are summarized in Fig. 3 and table 2.
It was shown that an increase in the resistivity of the conductive tracks after ultrasonic excitation was evident and was dependent mainly on the material of the insulating layer. The resistivity of the tracks on the XV501-T increased by approx. 170 %, while on the 8153 by approx. 75 %. The large variability measured was attributed to randomness introduced by the UAM process and the conductive paste (e.g. the roughness of the sonotrode, uneven distribution of stresses and non-homogenous distribution of silver particles in the conductive tracks), and to the geometric inconsistencies of the screen printed tracks, especially in the case of the XV501-T.
Apart from the material of the insulating layer, the parameters that had a significant effect in the change in resistivity were the amplitude of oscillation and the presence of the protective polymer layer. The two levels of force and speed used in experimentation had a lesser effect on the response of the excited samples. There was a significant increase on the resistivity of the samples treated at high amplitude on the 8153 compared to those treated on low amplitude, but samples on XV501-T had the opposite response with less significant differences. The presence of the protective polymer layer actually introduced a larger increase in both the mean resistivity and variability of the response.
Due to the rolling effect introduced by the sonotrode, the dimensions of the conductive tracks changed: their average height was reduced, while their average width was increased, as shown in Tab. 2. The variables with the greatest effect on this change were the normal force and the protective layer: high levels of force and the absence of the polymer layer caused greater deformation.
Tab. 2. Mean value and std. deviation of resistivity, height
and width of conductive tracks.
XV501-T 8153
Before After Before After Two typical images obtained through optical microscopy from the cross-sectioned samples are presented in figure 4 for the XV501-T, and in figure 5 for the 8153. The mean thickness of the insulating layer, in the case of the XV501-T, was measured to be 31.4 μm (s = 6.6 μm, n = 6) for the control samples, and 29.4 μm (s = 6.0 μm, n = 30) for the treated sample. The mean thickness of the 8153 was measured to be 31.1 μm (s = 5.0 μm, n = 3) for the control samples and 26.9 μm (s = 6.4 μm, n = 25) for the treated samples. There was variation though on the layer thickness, with a minimum value of approx. 9 μm and a maximum of approx. 44 μm for both insulating materials. A large variation in the thickness of the conductive layer was also evident, as illustrated in Fig. 5 .
In order to further investigate the reasons for the increase in resistivity, dual beam (FIB/SEM) was utilized to cross-section and image a small number of selected samples. In Fig. 6 , the three cross-sections of the silver tracks presented are printed on the XV501-T insulating layer, which showed greater increase in resistivity compared to the other material. Closer examination of the images revealed a change in the morphology of silver particles: after the excitation they appeared coarser. The thin whiskerlike particle edges, which are present in the untreated control sample, are greatly reduced in number in the excited samples. Evidence of particle bonding, similar to the metal bonding occurring in the aluminium foilfoil interface during UAM, were also found. Moreover, the apparent enlargement of the particle size caused an increase in the average size of the nonconductive space occupied by the polymer binder. All the effects described above are evident in the sample with the lower resistivity (ρ = 872 nΩm), but more profound in the sample with the higher resistivity (ρ = 2279 nΩm). Layer thickness measurements of the conductive layer were also taken to cross reference and verify the results of Tab. 1.
DISCUSSION
The role of the insulating material in the process was crucial: both the print quality and the response to the ultrasonic excitation depended on the interaction between the conductive and insulating layers. The differences in the mean width of the conductive tracks suggested that the adhesion on the 8153 was stronger than that on XV501-T. This might have been connected with the lower initial resistivity and its increase after the treatment of the former. A previous study [6] found that XV501-T appeared to have relatively higher hardness compared to 8153. This implied that their different mechanical properties (e.g. hardness, modulus of elasticity, dumping coefficient) affect the propagation of oscillations through the materials, which in turn has an effect in the change in resistivity.
Short circuits between the conductive tracks and the aluminium substrate in the case of 8153 were found. Optical microscopy showed that, even though the average thickness of the insulating layer was sufficient, the roughness of the substrate can result in locally thinner regions. Past research [8] measured the surface roughness of aluminium substrates manufactured under the same conditions and the maximum pick height was found to be approx. 17.5 μm. This is in accordance with the measurements shown in figure 4 . The roughness of the substrate, the relatively soft 8153, and the complex mechanical phenomena occurring during UAM played a role in the development of the short circuits. This issue was not encountered on the XV501-T though, which suggests that it can be avoided.
Dual beam FIB/SEM imaging revealed that the silver particles of the conductive tracks were bonded after the exposure to ultrasonic excitation. The resistivity of the tracks was correlated with this phenomenon: a higher number of bonded particles corresponded to higher resistivity. This was attributed to an increase in the average non-conductive inter-particle distances.
CONCLUSIONS AND FUTURE WORK
In this study it was shown that the use of conductive screen printed tracks as interconnects inside UAM parts is possible. Ultrasonic excitation has a negative effect in the resistivity of the tracks and exposure to ultrasonic oscillations causes the conductive particles of the ink to bond. Nevertheless, the silver tracks remained conductive without an excessive increase in resistivity after the excitation.
The material of the insulating layer had the greatest effect on the final resistivity of the tracks. This was attributed to the different material and adhesive properties of the two insulating pastes examined. Further research will be carried out for the identification of alternative suitable insulating materials. Such materials should provide both a good surface for the printing of the conductive inks and should overcome the roughness of the aluminium substrate.
Future work will also focus on the identification of alternative dispensing systems for the conductive tracks, as well as the effect of the ultrasonic oscillation in different conductive materials, such as printed electronic copper and carbon conductive inks and different formulations of silver conductive inks.
